This study examines the circulation, flushing time and hydrodynamic connectivity in Halifax Harbour based on three-dimensional currents produced by a multi-nested coastal ocean circulation modelling system. The time-mean currents produced by the modelling system feature two-layer estuarine circulation with a seaward flow in the upper layer and a landward flow in the lower layer in the Harbour. The hydrodynamics in the Harbour are also affected significantly by tides and wind forcing.
Reliable prediction of water movement is also essential for an effective ecosystem-based management of natural resources in the region. This is a companion paper to Shan et al. () . The main objective of this study is to numerically examine the flushing time and dispersion in Halifax Harbour based on the concentrations of passive tracers and trajectories of passive particles carried by the time-dependent, 3D currents produced by DalCoast-HFX.
The structure of this paper is as follows. First, the coastal ocean circulation modelling system for Halifax Harbour is described, including the governing equations for calculating concentrations of passive tracers and trajectories of passive particles from simulated 3D currents. Model validation and a series of tracer and particle tracking experiments are then presented, and the flushing time and hydrodynamic connectivity in the Harbour are quantified based on the experimental results. The final section is a summary and discussion.
THE MULTI-NESTED MODELLING SYSTEM Circulation model
The circulation model used in this study is the multi-nested coastal circulation modelling system for Halifax Harbour 
Passive tracer
The governing equation of the passive tracer is based on the following advection-diffusion equation:
where C is the tracer concentration, (x, y, z, t) is space and time, (u, v, w) is the 3D flow field, and A h and A v are the 
where C is the VAC at time t, C 0 is the initial value of the VAC and equal to 1, and T e is the e-folding flushing time.
Particle tracking
The movements of particles carried passively by the model currents are calculated using:
wherex tþΔt andx t are 3D position vectors of a passive particle at time t þ Δt and previous time t, respectively. Here, u(x, t) is the 3D velocity vector of model currents, andδ is a random walk process to account for particle movement associated with subgrid scale turbulence and other local processes that are not resolved by the model. We follow Taylor () and expressδ(δx, δy, δz) as:
where ξ is a Gaussian random, K x , K y and K z are eddy diffusivity coefficients for the random walk in the x, y and z directions, and Δt (30 min) is the time step used in the integration of (3 ), and set the vertical diffusivity to be 10 3 times smaller than the horizon-
coefficients is also considered in this study to address the role of the eddy diffusivity in dispersing particles in the 
MODEL RESULTS

Circulation and validation
Circulation in Halifax Harbour is affected by tides, wind forcing and freshwater discharge. Shan et al. () recently investigated the 3D circulation and hydrography in the Harbour under normal conditions. In this study, 
where Var represents the variance, and O and M denote the observed and simulated variables, respectively. The smaller the value of γ 2 is, the better the performance of submodel L5 has. Empirically, the threshold value of γ 2 is chosen to be 1. The γ 2 values are less than 0.03 for tides and 0.3 for non-tidal components for both tide gauges during this 3 month period, indicating that submodel L5 performs well in reconstructing the sea level variations in Halifax Harbour.
Tidal current
There were no current observations in the Harbour during the study period. We assess the performance of submodel L5 in simulating tidal circulation by comparing the tidal currents produced by submodel L5 with the depth-averaged tidal currents produced by WebTide. WebTide is a computer program designed to provide tidal elevations and depth-averaged tidal currents for a given area based on pre-calculated tidal harmonics. In this study, the WebTide dataset for Halifax Harbour 
Dispersion and retention
As mentioned earlier, movements of passive particles are affected by currents and eddy diffusivity coefficients (K h and K z ) for the random walk process that are not resolved by the model. Nine particle tracking experiments (Table 1) were conducted using the 3D annual mean (time- There are a significant number of particles transported from the near-surface layer to the sub-surface layer (Figure 15) , indicating that the model vertical velocity component plays an important role in advecting passive particles in the Harbour. In the sub-surface layer, the particles drift landward (northwestward) associated with the landward currents.
To examine the effects of tides, wind and freshwater discharge on the movements of passive particles in Halifax Harbour, the results using the moderate diffusivity coefficients and instantaneous model currents during storm A Table 1 ) were used in the particle tracking.
of the Narrows related to other areas in the Harbour is presented in Figure 19 , which can be easily understood by city Table 1 ) were used in the particle tracking.
Inner Harbour, and from the Inner Harbour to the Outer Harbour, respectively, which indicates that the estuarine near-surface seaward currents carry particles from Bedford
Basin to the open sea.
The connectivity matrices calculated from the particle tracking experiments using instantaneous flow fields 
